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Cell cycleThe TrAP protein of bipartite begomoviruses activates the coat protein (CP) promoter in mesophyll and
derepresses the promoter in vascular tissue through two sequences, located 60–125 bp and 1.2–1.5 kbp
respectively, upstream of the CP gene. TrAP does not, however, exhibit speciﬁc binding to either sequence
directly. We have identiﬁed a plant-speciﬁc DNA-binding protein, Arabidopsis PEAPOD2 (PPD2), that
speciﬁcally binds sequences mediating activation of the CP promoter of Tomato golden mosaic virus (TGMV)
and Cabbage leaf curl virus in mesophyll. This protein does not however, bind sequences required for TrAP-
mediated derepression in phloem. TGMV TrAP interacts with the PPD2/CP promoter complex in
electrophoretic mobility shift assays. PPD2 is associated with the nucleus, as expected for a transcription
factor, but is not capable of activating transcription directly. Thus, geminivirus TrAP is likely targeted to the
CP promoter through interaction with PPD2, leading to activation of CP gene expression.
© 2009 Elsevier Inc. All rights reserved.Introduction
The circular single-stranded (ss) DNA genome of geminiviruses is
converted to double-stranded (ds) DNA replicative forms in the nuclei
of infected plant cells (Stenger et al., 1991). The dsDNA replicative
forms serve as template for viral replication and transcription, which
relies heavily on the host (Guttierez, 1999; Hanley-Bowdoin et al.,
1999). Geminivirus transcription conforms to a general strategy of
DNA virus transcription programs in which early gene products acti-
vate the expression of viral genes required later in the replication
cycle. In begomoviruses, including Tomato golden mosaic virus
(TGMV) and Cabbage leaf curl virus (CaLCuV), the transcriptional
activator protein (AL2, also known as TrAP) is required for expression
of the coat protein (CP) and BR1 movement protein genes (Lacatus
and Sunter, 2008; Sunter and Bisaro, 1991, 1992). Studies using trans-
genic lines containing CP promoter–reporter constructs, demonstrate
that TrAP induces CP expression by different mechanisms in different
tissues: activation in mesophyll cells and derepression in vascular
tissue (Lacatus and Sunter, 2008; Sunter and Bisaro, 1997). The
minimal sequence required for activation of the TGMV CP promoter in
mesophyll is located between −125 to −60 bp upstream of the CP
transcription start site (Sunter and Bisaro, 2003). Sequences contain-
ing the repressor element lies between 1.2 and 1.5 kbp upstream of the
CP transcription start site (Sunter and Bisaro, 1997) and is most likelyl rights reserved.located between nt 1415–1525 within the AL2 gene (Lacatus and
Sunter, 2008).
Consistent with its ability to activate transcription, TrAP has a
C-terminal acidic-type activation domain that is functional in plant,
yeast and mammalian cells (Hartitz et al., 1999) and localizes to both
the nucleus and cytoplasm of TGMV-infected Nicotiana benthamiana
cells (Wang et al., 2003). TrAP is capable of self-interaction to form
dimers or tetramers, which correlates with nuclear localization and
efﬁcient transcriptional regulation (Yang et al., 2007). TrAP does not
speciﬁcally bind dsDNA suggesting that it is directed to responsive
promoters primarily through interactions with cellular proteins
rather than direct recognition of speciﬁc regulatory elements
(Hartitz et al., 1999; Noris et al., 1996).
The transcriptional activation function of TrAP is not virus speciﬁc
as it has been demonstrated that several begomovirus AL2 gene
products can complement a TGMV al2 mutant in tobacco protoplasts
(Sunter et al., 1994). The lack of functional speciﬁcity suggests that all
begomovirus late promotersmay contain common sequence elements
recognized by TrAP. However, attempts to identify any conserved
TrAP-responsive elements have met with little success. One previous
study suggested that a conserved element (GTGGTCCC) (CLE) found in
the late promoters of some begomoviruses was required for activation
of the Pepper huasteco yellow vein virus (PHYVV) CP promoter (Ruiz-
Medrano et al., 1999). In contrast, a more recent study showed that
deletion of CLE sequences had no signiﬁcant effect on TrAP-mediated
activation of the TGMV CP promoter (Sunter and Bisaro 2003). Also,
the late promoters of Bean golden mosaic virus (BGMV) and CaLCuV
lack a CLE, but are responsive to cognate or heterologous TrAP proteins
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geminivirus CP promoter activity therefore remains unanswered. It is
also possible that TrAP interacts with factors common to all begomo-
virus hosts to regulate transcriptional activation (Sunter and Bisaro,
2003). This is supported by studies that have shown binding of
nuclear proteins from different crop species to viral sequences
conserved in TGMV, CaLCuV, Pepper golden mosaic virus (PGMV) and
Tomato yellow leaf curl virus (TYLCV) (Lacatus and Sunter, 2008).
The same study showed that different nuclear proteins bind distinct
sequence elements responsible for activation and repression of the
begomovirus CP promoter. Together this suggests that TrAP-mediated
regulation involves interaction with multiple host factors to alter-
nately activate and/or depress the CP promoter in different tissues
(Sunter and Bisaro, 1997).
The molecular mechanism of TrAP-mediated activation is largely
unknown. In this paper, we extend our studies on regulation of the
geminivirus CP promoter by identifying a plant-speciﬁc DNA-binding
protein, PEAPOD2 (PPD2) that speciﬁcally interacts with TGMV and
CaLCuV CP promoter sequences. PPD2 interacts with TrAP and can
form a complex associated with CP promoter sequences required for
activation but not repression. The relevance of PPD2 for CP promoter
regulation and to the life cycle of begomoviruses is discussed.
Results
Isolation of an Arabidopsis cDNA encoding a protein that interacts with
the TGMV CP promoter
Begomovirus TrAP is likely directed to responsive promoters
through interactions with a host factor(s) that recognizes speciﬁc
sequences within TrAP-responsive promoters. To identify cDNAs
encoding host DNA-binding proteins that interact with the TGMV CP
promoter, we used a yeast one-hybrid screening approach. We ﬁrst
cloned the 104 bp PvuI–DraI fragment, containing sequences
required for TrAP-mediated activation of the CP promoter (Fig. 1,
activator), as four tandem copies upstream of the yeast HIS3 gene.
This DNA was integrated into the genome of yeast strain YM4271 to
generate YM4271-TGMVCPactivator, and tested for HIS3 background
expression. The YM4271-TGMVCPactivator yeast strain transcribes
the His3 gene at basal levels and grows on medium lacking histidine,
but not in the presence of 75 mM 3-aminotriazole (3-AT), a compe-Fig. 1. Regulatory elements of the TGMV CP promoter. (A) The circle represents the
dsDNA replicative intermediate of the Tomato golden mosaic virus A genome com-
ponent. The conserved stem-loop structure is indicated (asterisk) within the 5′
intergenic region (hatched box). Solid arrows deﬁne open reading frames (identity and
function indicated). Positions of relevant restriction sites are shown outside the circles
with nucleotide coordinates in parentheses. The positions of previously identiﬁed
activator and repressor elements required for CP gene expression (Sunter and Bisaro,
1997; Lacatus and Sunter, 2008), and the AL-1629 promoter region (Tu and Sunter,
2007) are shown.titive inhibitor of histidine expression. To screen for cDNAs encoding
DNA-binding proteins of interest, we transformed the target-reporter
yeast strain with a library of Arabidopsis cDNAs fused to the GAL4
activation domain (Hao et al., 2003). Transformants were selected on
synthetic complete (SC) medium lacking leucine and histidine con-
taining 3-AT at a concentration of 75 mM. Screening of 48 transfor-
mants yielded eight presumptive positive clones. Plasmid DNAs
containing cDNA inserts were recovered in Escherichia coli cells and
sequenced. One cDNA clone contained the complete coding region
identical to Arabidopsis PEAPOD2 (At4g14720; PPD2). The remaining
cDNAs represented sequences that contained very short amino acid
stretches prior to a stop codon.
Sequence analysis of Arabidopsis PEAPOD2
Sequence analysis of PPD2 indicates an open reading frame of
948 bp encoding a putative protein of 315 amino acids with a predic-
ted molecular weight of 34.9 kDa. The Arabidopsis PPD locus contains
two homologous genes, PPD1 and PPD2, which are ZIM-domain
containing proteins of the TIFY family of putative DNA-binding
proteins speciﬁc to plants (White, 2006). Phylogenetic analysis of
the TIFY family of proteins in Arabidopsis reveals two sub-groups
(Fig. 1, Supplementary data). Members of group I are characterized by
the presence of CCT (CONSTANS, CO-like, and TOC1), TIFY and GATA-
C2C2 Zn ﬁnger domains (Vanholme et al., 2007). Group II members,
including PPD1 and PPD2 (also known as TIFY4a and 4b) contain the
TIFY domain but lack a GATA domain. Although TIFY proteins are
annotated as transcription factors, only TIFY1 and TIFY10a are known
to localize to the nucleus (Vanholme et al., 2007). The GATA zinc-
ﬁnger domain of group I proteins is known to bind DNA (Merika and
Orkin, 1993) but no known DNA-binding motifs are present in the
proteins of group II.
PPD2 speciﬁcally interacts with the TGMV CP promoter in yeast
To conﬁrm the interaction between the TGMV CP activator element
and PPD2, we cloned the PPD2 coding region as a translational fusion
to the GAL4-activation domain. The resulting DNA (PPD2-pGAD) was
re-transformed into the target-reporter yeast strain (YM4271-
TGMVCPactivator). As negative controls, we transformed the target-
reporter yeast strain with the small subunit of Rubisco (Rubisco-
pGAD) or empty vector (pGAD). A positive interaction between the
activator element and PPD2 allows growth on media lacking histidine
and leucine containing3-AT. Yeast strains containingPPD2-pGADgrew
in the presence of 3-AT up to concentrations of 90 mM (Fig. 2A),
indicating a positive interaction between PPD2 and the TGMV CP
promoter. In contrast, low levels of 3-AT (45 mM) inhibited growth of
yeast strains carrying Rubisco or empty vector.
To check the speciﬁcity of interaction between PPD2 and the CP
activator element, we used a second target-reporter yeast strain
(YM4271-TGMV1629), containing the TGMV promoter element for
the complementary sense AL-1629 transcript (Tu and Sunter, 2007).
YM4271-TGMV1629 yeast strains containing PPD2-pGAD, Rubisco-
pGAD and pGAD grew on media lacking leucine and histidine, but
growth was inhibited at all concentrations of 3-AT (Fig. 2A). To further
conﬁrm this result the growth kinetics of select yeast strains was
monitored in liquid SC medium lacking leucine and histidine con-
taining different concentrations of 3-AT. As can be seen (Fig. 2B),
YM4271-TGMVCPactivator yeast strains containing PPD2-pGAD or
pGAD grew on media lacking histidine and leucine, but YM4271-
TGMVCPactivator yeast strains containing pGAD failed to grow in the
presence of 90 mM 3-AT. Growth of YM4271-TGMV1629 yeast strains
containing PPD2-GAD or pGAD in liquid SC mediawas inhibited in the
presence of 90 mM 3-AT (data not shown). Together these results
demonstrate that PPD2 speciﬁcally interacts with the activator ele-
ment within the TGMV CP promoter.
Fig. 2. PPD2 interacts with the TGMV CP promoter in yeast. (A) Target-reporter yeast strains, YM4271-TGMVCPactivator and YM4271-TGMV1629, were transformedwith PPD2-pGAD
(PPD2), Rubisco-pGAD (Rub) or vector alone (GAD) and plated on SC agar media lacking histidine and leucine with increasing concentrations of 3-aminotriazole (3-AT). Growth was
evaluated after incubation at 30 °C for three days. (B) The target-reporter yeast strain, YM4271-TGMVCPactivator, was transformed with PPD2-pGAD (PPD2) or vector alone (pGAD)
and incubated at 30 °C for 24 h in liquid SC medium lacking histidine and leucine in the absence or presence of 90 mM 3-AT.
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To validate the genetic data, we tested whether puriﬁed PPD2
speciﬁcally interacts with the TGMV CP promoter. Full-length PPD2
was expressed as a His-tagged fusion protein (His-PPD2) in Spodop-
tera frugiperda (Sf9) cells using a baculovirus expression system.
Extracts from cells expressing His-PPD2 or His-tagged chloramphe-
nicol acetyl transferase (His-CAT) were isolated under native condi-
tions and protein puriﬁed by nickel NTA chromatography as described
previously (Hartitz et al., 1999). As shown (Fig. 3A), Western blot
analysis using an anti-6× His tag antibody probe (Santa Cruz Biotech-
nology, Santa Cruz, CA) revealed the presence of His-PPD2 in puriﬁed
fractions. A protein of similar mobility was not detected in extracts
puriﬁed from non-infected Sf9 cells (data not shown). Puriﬁed His-
PPD2 was incubated with the TGMV CP activator element (PvuI–DraI;
Fig. 1A) and complexes detected by electrophoretic mobility shift
assay (EMSA). PPD2 protein bound to the CP activator element as
evidenced by a shift in the labeled probe (Fig. 3B, lane 2). Binding was
efﬁciently competed using unlabeled DNA containing the TGMV CP
activator sequence (Fig. 3B, lane 3). In contrast, binding was not
affected by the addition of a non-speciﬁc 78 bp DNA fragment from
pUC118 even at 200 M excess (Fig. 3B, lane 7). From these results weconclude that PPD2 speciﬁcally binds TGMV CP promoter sequences
between−125 and−60 bp from the transcription start site for the CP
gene. Using DNA containing CaLCuV CP activator sequences (Lacatus
and Sunter, 2008) as unlabeled competitor, we can see that binding to
the TGMV CP promoter is lost (Fig. 3B, lane 6) indicating that PPD2 is
also capable of binding the CaLCuV CP promoter. This conﬁrms pre-
vious data suggesting similar nuclear proteins bind sequences within
the TGMV and CaLCuV CP promoters (Lacatus and Sunter, 2008). It has
been previously shown that TrAP also functions to regulate the CP
promoter through an independent sequence located between 1.2 and
1.5 kb upstream of the CP transcription start site (Fig. 1A: repressor)
(Sunter and Bisaro, 1997). Binding to the TGMV CP activator is not
competed using unlabeled DNA containing either the TGMV or
CaLCuV repressor (Fig. 3B, lanes 4 and 5). This is again consistent
with previous studies that demonstrated different nuclear proteins
bind the two regulatory sequences responsible for activation and
repression of the geminivirus CP promoter even though TrAP can
interact with both elements (Lacatus and Sunter, 2008; Sunter and
Bisaro, 1997).
As TrAP does not speciﬁcally bind dsDNA we believe that TrAP is
targeted to responsive elements, such as the CP activator, via protein–
protein interaction. To test this, we performed a supershift assay. As
Fig. 3. Interaction between PPD2, TGMV TrAP and the TGMV CP promoter. (A)
Expression of Histidine tagged PPD2 protein in Sf9 insect cells. Cells infected with
recombinant baculovirus capable of expressing His-PPD2 were harvested and His-
PPD2 puriﬁed by nickel NTA chromatography. Puriﬁed His-PPD2 in eluted fractions
was resolved by electrophoresis on a 12% polyacrylamide gel and subjected to Western
blot analysis using anti-6× his antibodies. Lanes 1, 2 and 3 show the position of His-
PPD2 (37.9 kDa) in the eluted fractions. The position of 30 kDa, 42 kDa and 60 kDa
molecular weight standards are indicated on the left. (B) The 104 bp CP activator
sequence (PvuI–DraI) (Fig. 1) was labeled with 32P and incubated with puriﬁed His-
PPD2 protein (5 μg) in the presence or absence of cold inhibitor DNAs (100–200 M
excess) and separated on 4–20% TBE gels. The position of unbound probe and the PPD2
protein/CP activator complex (⁎) are indicated. (C) The 32P-labeled CP activator
sequence was incubated with puriﬁed His-PPD2 protein in the presence of either
puriﬁed His-TrAP or His-CAT and separated on 4–20% TBE gels. The position of
unbound probe, PPD2/CP activator (⁎) and PPD2/CP activator/TrAP (⁎⁎) complexes are
indicated. W indicates the position of the wells for gels shown in (B) and (C).
Table 1
Yeast two-hybrid analysis of the PPD2–TrAP interaction.
Baita Preyb Interactionc
pSE-SNF1 pSE-SNF4 ++
pGBY-TGMV CP pGAD-PPD2 −
pGBY-TGMV AL21–83 pGAD-PPD2 ++
pAS2-CaLCuV AL2 1–100 pGAD-PPD2 ++
pAS2-PPD2 pACT-ACMV AL2 ++
pAS2-PPD2 pACT-PGMV AL2 ++
pAS2-PPD2 pGAD424 −
pAS2-PPD2 pGAD-PPD2 −
a Bait proteins were expressed as GAL4 DNA-binding domain fusions.
b Prey proteins were expressed as GAL4 activation domain fusions.
c An interaction was indicated by the ability of Y190 yeast cells to grow on medium
lacking histidine. As an additional indicator of interaction, colonies were monitored for
LacZ activity by ﬁlter-lift assay. Interaction symbols are as follows:− no interaction, no
evidence of blue color after overnight incubation; ++ interaction, blue color developed
between 6 h and overnight incubation.
199G. Lacatus, G. Sunter / Virology 392 (2009) 196–202shown, an additional complex was detected when His-TrAP was incu-
batedwith PPD2 and the TGMV CP activator sequence (Fig. 3C, lane 2).
This complex was not detected when His-CAT was incubated with
PPD2 and the TGMV CP activator sequence (Fig. 3C, lane 3). This
suggests that TrAP is capable of forming a complex with PPD2 and
TGMV CP promoter sequences located between −125 and −60 bp
from the transcription start site for the CP gene.
PPD2 directly interacts with geminivirus TrAP proteins
Results of the supershift assay indicate that PPD2 is capable of
interacting with both TGMV and CaLCuV CP activator elements and
with TGMV TrAP. As the transcriptional activation function of TrAP
is not virus speciﬁc (Sunter et al., 1994), we tested the ability of
TrAP proteins from different geminiviruses to directly interact with
PPD2 in the absence of viral DNA using yeast two-hybrid analysis.
Various bait and prey proteins were generated and co-expressed in
yeast strain Y190, and interactions between bait and prey assessed
as described previously (Hao et al., 2003; Wang et al., 2003). Whenexpressed as bait proteins, truncated TrAP proteins were analyzed,
as the presence of the transcriptional activation domain of TrAP is
capable of activating expression of the reporter genes (Hartitz
et al., 1999; Hao et al., 2003). Yeast growth in selective medium
lacking histidine (indicative of interaction) was supported when
Y190 expressed full-length PPD2 and either TGMV AL21–83 or
CaLCuV AL21–100 (Table 1). Cells were also positive in β-galacto-
sidase ﬁlter assays, and similar results were obtained regardless of
whether the proteins were expressed as bait or prey (data not
shown). An interaction is also observed when PPD2 is co-expressed
as a bait plasmid with either African cassava mosaic virus (ACMV)
AL2 or PGMV AL2 (Table 1). No growth was evident when PPD2
was co-expressed with the TGMV coat protein, a non-interacting,
negative control. When expressed as a bait protein, PPD2 does not
self-interact and is not capable of self-activation (Table 1). Thus,
PPD2 does not appear to contain a transcriptional activation
domain. It was concluded that PPD2 interacts with the TrAP pro-
tein of several begomoviruses, reﬂecting observations that the
transcriptional activation function of TrAP is not virus speciﬁc
(Sunter et al., 1994).
Localization of PPD2
The Arabidopsis TIFY proteins studied so far have been function-
ally annotated as transcription factors (White, 2006) and some
members such as TIFY10a (At1g19180), are targeted to the nucleus
(Vanholme et al., 2007). As PPD2 interacts with begomovirus CP
promoters we used two approaches to test whether PPD2 is
targeted to the nucleus. The coding region for PPD2 was cloned
upstream of GFP to generate a translational fusion protein that can
be constitutively expressed from the Cauliﬂower mosaic virus
(CaMV) 35S promoter. Cloned DNA containing 35S-PPD2:GFP was
transfected into protoplasts (5×105) and monitored for GFP expres-
sion over three days using ﬂuorescence microscopy (Wang et al.,
2003). As shown (Fig. 4B), GFP ﬂuorescence is mostly associated
with the nucleus, in comparison to GFP alone, which is distributed
throughout the cell (Fig. 4A). This suggests that PPD2 localizes to
the nucleus in protoplasts. This is found whether TrAP is present or
absent (data not shown). Cell fractionation was then used to further
conﬁrm the nuclear localization of PPD2. Nuclear and cytoplasmic
fractions were puriﬁed from insect (Sf9) cells expressing His-PPD2
protein by differential centrifugation 48 h post-infection as
described (Wang et al., 2003). Signiﬁcant amounts of PPD2 protein
accumulated in the soluble nuclear fraction (Fig. 4C). Together the
results indicate that PPD2 localizes to the nucleus, independent of
TrAP, and suggest that group II members of the TIFY family of
proteins are capable of localizing to the nucleus in the absence of a
GATA-Zn ﬁnger domain.
Fig. 4. PPD2 localizes to the nucleus. N. benthamiana protoplasts were transfected with cloned DNA capable of expressing GFP alone (A) or a PPD2::GFP fusion protein (B) and GFP
ﬂuorescence monitored in individual cells. The images represent individual protoplasts, with positions of the nucleus (N) and cytoplasm (C) indicated by arrows. (C) Soluble
cytoplasmic (Cyt) and nuclear (Nuc) protein fractions from Sf9 cells infected with recombinant baculoviruses expressing His-PPD2 are shown. Samples were prepared 48 h post-
inoculation and equivalent amounts (representing 5×105 cells) electrophoresed on 4–20% polyacrylamide-SDS gels and subjected to Western blot analysis using an anti-6× His tag
antibody. The positions of molecular weight markers and the 37.9 kDa His-PPD2 protein (⁎⁎) are indicated on the left and right hand sides of the panel respectively.
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The mechanism by which geminivirus TrAP mediates activation
of late viral promoters is largely uncharacterized, given that bego-
movirus TrAP does not speciﬁcally bind dsDNA. This suggests that
TrAP is targeted to responsive promoters through interaction with a
host factor(s). However, TrAP acts through two regulatory circuits,
activation in the mesophyll and derepression in the phloem,
mediated by independent sequences (Fig. 1) suggesting that TrAP
may, in fact, interact with multiple host factors. Using a genetic
approach with the TGMV CP activator as a target, we identiﬁed a
plant-speciﬁc DNA-binding protein, PEAPOD2 (PPD2; At4g14720),
from an Arabidopsis cDNA library. PPD2 is a member of the newly
characterized TIFY transcription factor family, which contains a con-
served amino acid motif (TIF[F/Y]XG), where glycine is present in all
family members and the surrounding residues have little variation
(Vanholme et al., 2007). His-tagged PPD2 protein speciﬁcally binds
to the TGMV and CaLCuV CP activator sequences in vivo (Fig. 2) and
in vitro, using EMSA (Fig. 3). However, PPD2 does not interact with
sequences that act to repress the CP promoter in phloem tissue
(Fig. 3). This is consistent with previous data demonstrating that
different nuclear proteins bind the different elements responsible for
activation and derepression of the begomovirus CP promoter
(Lacatus and Sunter, 2008). Thus, TrAP appears capable of interacting
with different components of the cellular transcription machinery to
regulate CP gene expression in different tissue types. In support of a
model in which TrAP is targeted to responsive promoters through
interaction with a host factor(s), we have demonstrated that TrAP
can interact directly with PPD2. Evidence of direct binding of PPD2
to begomovirus activator sequences (Fig. 3) and interaction of PPD2
with TrAP from several different begomoviruses, including TGMV,
CaLCuV, ACMV and PGMV (Table 1), suggests that targeting of TrAP
to the CP activator sequence by PPD2 may be a conserved mecha-
nism for regulating begomovirus CP promoters. This ﬁnding further
strengthens observations that the function of TrAP is not virus spe-
ciﬁc (Sunter et al., 1994). Based on observations that the TrAP pro-
tein of TGMV activates expression of the BR1 nuclear shuttle protein
(NSP) (Sunter and Bisaro 1992), we would predict that an AL2/PPD2
complex is also necessary to bind sequence elements within the BR1
promoter. A deﬁned deletion analysis of this promoter has not been
performed, but is currently being carried out.
Although PPD2 protein (also known as TIFY4b) has not been
shown to localize to the nucleus, the protein has a region rich in basic
amino acids that resembles a nuclear localization signal. A PPD2-GFP
fusion protein associates with the nucleus in N. benthamiana proto-
plasts and His-PPD2 is found predominantly in the nucleus of insect
cells (Fig. 4), suggesting that PPD2most likely localizes to the nucleus.
To date the GATA zinc-ﬁnger domain of group I TIFY proteins (Fig. 2) is
known to bind DNA (Merika and Orkin, 1993), but no known DNA-
binding motifs are present in the proteins of group II, including PPD2.
Our results indicate that group II proteins, at least in the case of PPD2,can also bind DNA, namely begomovirus CP promoter elements.
Future characterization of a minimal binding sequence for PPD2 could
help identify host promoters regulated by PPD2. It has been suggested
that the transcriptional activity of group II TIFY proteins, is indirectly
triggered through interaction with a transcription factor(s) (Major
and Constabel, 2006; Shikata et al., 2003). This is supported by our
data that demonstrates that PPD2 lacks transcriptional activation
function in a yeast two-hybrid system. This would be consistent with
geminivirus TrAP being targeted to responsive promoters through
interaction with PPD2, and a role for PPD2 in regulating geminivirus
CP promoters.
PPD2 has recently been characterized as a regulator of the cell-
cycle arrest front that speciﬁcally affects divisions of the progenitors of
stomata and vascular tissue, deﬁned as dispersed meristematic cells
(DMCs) (Barkoulus et al., 2007). This leads to modulation of lamina
size and curvature of the leaf blade (White, 2006). The demonstration
that AL2 interacts with a cell-cycle regulator is correlated with pre-
vious work showing that geminiviruses reprogram terminally diffe-
rentiated cells. Geminiviruses rely on the host replication machinery
to amplify its circular genome via rolling circle replication, and this
reliance may constitute a barrier to infection of mature cells, which
have exited the cell cycle and no longer undergo DNA replication
(Egelkrout et al., 2001). To overcome this limitation geminiviruses
modulate the plant cell cycle by interacting with the CYCD/
retinoblastoma related protein/E2F regulatory network to facilitate
progression into the endocycle (Ascencio-Ibanez et al., 2008). It
initially appears counterintuitive that geminivirus infection leads to
an increase in expression of a gene involved in cell-cycle arrest.
However, it has been reported that the tissue with the highest
expression of PPD2 is callus (Vanholme et al., 2007), and a model has
been proposed whereby PPD protein has to reach a threshold level for
cell-cycle arrest to proceed (White, 2006). Thus, reprogramming of
the cell cycle by geminiviruses could induce PPD2 expression, which is
utilized for CP gene expression preventing PPD reaching the threshold
for arrest. This would maintain the required cellular environment for
replication of the geminivirus DNA genome. Alternatively, it may
ultimately be beneﬁcial for geminiviruses if the cell-cycle arrests and
never enters mitosis. This is supported by evidence that both viral and
host DNA is replicated in infected cells, but cells to not entermitosis, at
least in the case of TGMV (Nagar et al., 2002). In fact, an increase in the
nuclear volume of TGMV-infected cells suggests that these cells
undergo endoreduplication (Nagar et al., 2002). This could be a
mechanism to ensure viral DNA replication and production of PPD for
CP gene expression later in the viral life cycle.
We have identiﬁed a host factor, PPD2, which forms a complex
with the TrAP and sequences required for activation of the CP promo-
ter in mesophyll tissue. PPD2 has a close homolog in Arabidopsis,
PPD1, which has an equivalent function (White, 2006). It will be
interesting to determine whether geminiviruses can utilize one, or
both, proteins for regulating CP promoter activity. However, it is clear
that TrAP interacts with different components of the host transcrip-
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sequences mediating derepression of the CP promoter in phloem
tissue. Expression of several TIFY genes increases in response to
known activators of the jasmonic acid pathway, wounding and simu-
lated herbivory treatment (Major and Constabel, 2006; Vanholme
et al., 2007). It will therefore also be useful to determine whether
feeding by whiteﬂies, the vector for begomoviruses, leads to an
increase in expression of PPD2, and therefore play a role in stimulating
genes required for the geminivirus life cycle. We are currently inves-
tigating these aspects of the regulatory mechanism for begomovirus
CP promoter activity.
Materials and methods
Construction of target reporters and reporter yeast strains
The 104 bp region of the TGMV A genome component containing
sequences required for activation of the CP promoter (Fig. 1A,
activator) was obtained by PCR with speciﬁc primers (Activator
forward: 5′-gcggaattcccggatggccgcgcgatcgtc-3′ and Activator reverse:
5′-gcggaattccttagatttcagggcc-3′) using pTGA26 (Sunter et al., 1990) as
template. The PCR product was digested with EcoRI (underlined) and
cloned into the pGEM-T vector (Promega, Madison WI). Cloned DNA
containing two tandemly repeated copies of the CP activator element
was identiﬁed, digestedwith SpeI or NcoI andmade blunt ended. After
restriction with ScaI, which cleaves within the ampicillin resistance
gene of the vector, the 1180 bp and 2046 bp fragments respectively
were isolated. These fragments each contained two copies of the CP
activator sequence and upon ligation regenerated the pGEM-T vector
containing four tandemly repeated copies. The resulting DNA was
restricted with SacI and SacII and the 440 bp fragment containing four
copies of the CP activator cloned into similarly restricted pHisi-1
(Clontech Laboratories, Mountain View, CA). A second YM4271 yeast
strain harboring the previously described TGMV AL1629 promoter
element (Tu and Sunter, 2007) was generated. A pair of complemen-
tary oligonucleotides (5′-gtataacgtcatcgatgatg-3′ and 5′-catcatcgat-
gacgttatac-3′) containing TGMV sequences from nt 1828 to 1809 were
annealed as described (Tu and Sunter, 2007) and cloned into pHisi-1
upstream of the HIS3 gene as three tandemly repeated copies. The
presence of each element (TGMVCPactivator and TGMV1629) in the
correct orientation in pHisi-1 was conﬁrmed by sequencing. To
prepare the reporter yeast strains, cloned DNA was linearized with
XhoI, and integrated into the HIS3 gene of yeast strain YM4271 using
the Matchmaker One-Hybrid System protocol and Yeast Protocols
Handbook (Clontech Laboratories, Mountain View, CA). Colonies that
grew in synthetic complete (SC) medium lacking histidine were
selected and the presence of the integrated reporter gene conﬁrmed
by yeast colony PCR. To check the background expression of each
constructed reporter strain, colonies were grown on SC medium
lacking histidine in the presence of 3-AT, and yeast strains that did not
grow in the presence of 75 mM 3-AT chosen for analysis.
Yeast one-hybrid screening
For one-hybrid screening, pAD-GAL4/cDNA plasmids from an
Arabidopsis thaliana cDNA library (Hao et al., 2003) were trans-
formed into a yeast reporter strain containing four tandemly
repeated copies of the TGMV CP activator sequence (YM4271-
TGMVCPactivator) according to the Matchmaker One-Hybrid System
protocol (Clontech Laboratories, Mountain View, CA). Transformants
were plated on SC medium lacking histidine and leucine in the
presence of 45 mM 3-AT. Potential positive colonies were then re-
streaked on SC medium lacking histidine and leucine in the presence
of increasing amounts of 3-AT. Plasmid DNA containing Arabidopsis
cDNA sequences was isolated from yeast strains that grew in the
presence of 75 mM 3-AT and sequenced. The cDNA sequences wereidentiﬁed by BLAST analysis using The Arabidopsis Information
Resource (TAIR) database.
DNA constructs
The PPD2 coding region was ampliﬁed with gene speciﬁc primers
(PPD2F: 5′-gcggatcccatggatgtaggagttactacg-3′ and PPD2Ra: 5′-gcga-
gatctttaattatcttcgctgtttag-3′) using cDNA isolated from yeast one-
hybrid screens. The 948 bp PCR product was digested with BamHI and
BglII (underlined) and cloned into similarly restricted pGAD424 to
generate pGAD-PPD2. For cloning in pAS2, PPD2 was ampliﬁed with
the primers PPD2F and PPD2Rb (5′-gcgctcgagttaattatcttcgctgtttag-3′).
The 956 bp PCR product was digested with NcoI and XhoI (under-
lined) and cloned into pAS2 digested with NcoI and SalI to generate
pAS2-PPD2. The coding region for the small subunit of Rubisco was
ampliﬁed by PCR using gene speciﬁc primers (RubF: 5′-gcgggatcc-
catggcttcctctatgttctcc-3′ and RubR: 5′-gcgagatctttaagcttcggtgaagc-3′).
The 540 bp DNA fragment was restricted with BamHI and BglII
(underlined) and cloned into similarly restricted pGAD424 to gene-
rate pGAD-Rubisco. Bait and prey constructs containing SNF1, SNF4,
TGMV coat protein, TGMV AL21–100, and CaLCuV AL21–100, have been
previously described (Hao et al., 2003; Hartitz et al., 1999; Lacatus and
Sunter, 2008). The ACMV and PGMV AL2 coding regions were
ampliﬁed by PCR using ACMV (West Kenyan Strain 8344) (Stanley
and Gay, 1983) and PGMV-D (Brown et al., 2005).
For protein expression the coding region for PPD2was ampliﬁed by
PCR with primers PPD2F and PP2Rb (see above) using pGAD-PPD2 as
template. The PCR product was restricted with NcoI and XhoI and
cloned into similarly restricted pFastBac HTa or pFastBac HTc
(Invitrogen, Carlsbad, CA). The resulting DNA was transformed into
DH10Bac E. coli cells and recombinant bacmid DNA containing the
PPD2 coding region identiﬁed by PCR according to the manufacturer's
instructions (Invitrogen, Carlsbad, CA).
Cloned DNA containing the ﬁrst six amino acids of PPD2 linked to
the GFP coding sequence as a translational fusion was generated as
follows. The eGFP coding sequence was obtained from pEGFP plasmid
DNA (Clontech Laboratories, Mountain View, CA) by PCR ampliﬁca-
tion using forward (5′-gcgggatccatggtgagcaagggcg-3′) and reverse
(gcgctcgagctcttacttgtacagctcgtc) primers. The resulting 720 bp PCR
product was cleaved with BamHI and EcoICRI (underlined) and used
to replace the GUS coding sequence of pBI221. The resulting DNA
(35S-eGFP) contains the eGFP coding sequence under control of the
CaMV 35S promoter. The PPD2 coding region was ampliﬁed by PCR
using pGAD-PPD2 as template with primers PPD2F and PPD2Rc (5′-
gcgagatctattatcttcgctgtttag-3′), which contains no stop codon. The
954 bp PCR product was digested with BamHI and BglII (underlined)
and cloned into 35S-eGFP restricted with BamHI to generate p35S-
PPD2::GFP.
Protein expression and puriﬁcation
TGMVTrAP, Arabidopsis PPD2 or chloramphenicol acetyltransferase
(CAT) were expressed as histidine (His)-tagged proteins in insect cells
using the Bac-to-Bac baculovirus system (Invitrogen, Carlsbad, CA).
The His-tagged proteins expressed in baculovirus-infected cells were
puriﬁed using nickel–nitrilotriacetic acid (NTA) agarose resin as
described (Hao et al., 2003). Soluble cytoplasmic and nuclear fractions
were puriﬁed fromSf9 insect cells expressing anti-6×His-tagged PPD2
protein and analyzed by Western blot as described previously (Wang
et al., 2003). Proteinswere identiﬁed byWestern blot analysis using an
Anti-his antibody (Santa Cruz Biotechnology, Santa Cruz, CA).
Electrophoretic mobility shift assay
The CP activator sequence from TGMV (nt 153 to 257, Fig. 1)
and CaLCuV (nt 173–373), and the repressor sequence from TGMV
202 G. Lacatus, G. Sunter / Virology 392 (2009) 196–202(nt 1520 to 1415, Fig. 1) and CaLCuV (nt 1414–1556) was ampliﬁed
by PCR using previously described primers (Lacatus and Sunter,
2008). PCR products were puriﬁed as described (Tu and Sunter,
2007). Binding of His-PPD2 to CP regulatory sequences was
examined by electrophoretic mobility shift assay. Radiolabeled
probe DNA (50 fmole) was incubated with 5 μg His-PPD2, 375 ng
poly(dI:dC) and 5 pmol competitor DNA in 15 μl binding buffer
(50 mM Tris–HCl, pH 7.5, 5 mM MgCl2, 2.5 mM EDTA, 2.5 mM DTT,
250 mM NaCl, 20% glycerol). Reactions were incubated at room
temperature for 30 min and complexes resolved by electrophoresis
in 4–20% polyacrylamide DNA retardation gels (Invitrogen, Carls-
bad, CA). Gels were dried by vacuum onto Whatmann 3M paper
prior to exposure to a phosphor screen and subsequent analysis by
phosphorimager (Biorad, Hercules, CA).
Yeast two-hybrid analysis
Yeast two-hybrid experiments to assess the interaction of gemini-
virus TrAP with PPD2 were performed as described (Hao et al., 2003).
Bait and prey constructs were introduced into yeast strain Y190 and a
positive interaction assessed by growth on SC medium lacking
histidine in the presence of 50 mM 3-AT. Additional conﬁrmation
was obtained by ﬁlter-lift assay for β-galactosidase activity.
Microscopic analysis of GFP ﬂuorescence
The ability of PPD2 to target GFP to the nucleus was assessed
by ﬂuorescence microscopy. Protoplasts were isolated from an
N. benthamiana suspension culture cell line and transfected with
p35S-PPD2:GFP as described (Sunter and Bisaro, 2003). For micro-
scopic observations transfected protoplasts were mounted on
microscope slides and analyzed using a ﬂuorescent microscope
(Axioskop, Carl Zeiss). Samples were imaged with a 40× objective
under bright ﬁeld using differential interference contrast (DIC). GFP
ﬂuorescence was detected using a narrow band ﬁlter set for excita-
tion at 485 nm and emission at 515 nm.
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